Dural arteriovenous fistulas (DAVFs) are abnormal connections between arteries and veins that are classified by location, morphology or direction of venous drainage. Treatment of DAVFs is undertaken in patients with severe symptoms or those with retrograde cortical venous drainage and/or venous ectasia. Much is written regarding the treatment of DAVFs involving the transverse sigmoid sinuses, cavernous sinus and tentorium, but little is written concerning the treatment of clival DAVFs. We demonstrate a novel transforaminal percutaneous approach through the foramen ovale as a viable method to occlude a clival vein. Specialised software was used to create a safe trajectory to the DAVF via the foramen ovale. The patient then underwent successful occlusion of the clival DAVF, thus further increasing the neurointerventionalist's armamentarium when attempting to treat difficult to reach clival DAVFs.
BACKGROUND
Dural arteriovenous fistulas (DAVFs) are abnormal connections between arteries and veins in the dura mater that account for 10-15% of all intracranial arteriovenous malformations. [1] [2] [3] [4] The nidus that results in DAVFs arises from previous head trauma, cranial surgery, dural sinus or cortical venous thrombosis, previous infections or tumours. [5] [6] [7] [8] DAVFs are classified by location, morphology or direction of venous drainage. 5 9-13 The important features associated with morbidity and mortality are the presence of retrograde cortical venous drainage and venous ectasia. 2 5 9 11 13 The decision to treat a DAVF depends on its signs, symptoms and classification. Patients with mild symptoms and without evidence of retrograde cortical venous drainage can be managed expectantly, while those with severe symptoms or with retrograde cortical venous drainage and/or venous ectasia require surgical resection or endovascular therapy.
There is ample literature regarding the treatment of DAVFs of the transverse sigmoid sinuses, cavernous sinus and tentorium. 2 14-16 Literature involving the treatment of DAVFs arising within the anterior cranial fossa, straight sinus, posterior fossa, inferior petrosal sinus, superior petrosal sinus, marginal sinus and deep venous system involve mostly case reports. 13 16-20 There is sparse literature concerning treatment of DAVFs involving the clivus.
The clivus is a part of the cranium behind the dorsum sella that slopes obliquely backwards. The blood supply to the interconnected venous plexus within the clivus is variable and can derive from branches of both the internal and external carotid arteries. This complexity requires that a neurointerventionalist closely examines the angioarchitecture to determine the best route for treatment since occlusion of a receiving sinus without occlusion of the nidus can direct flow into other sinuses or cortical veins. A case series by Viñuela et al 12 found that the optimal treatment was transarterial embolization through the clival branches of the ascending pharyngeal artery without need for occlusion of the cavernous sinus. 13 
CASE PRESENTATION
A 69-year-old right-handed woman with dilated cardiomyopathy presented with 9 months of progressive proptosis, chemosis, opthalmoplegia and visual loss in the right eye. She had initially been seen by an ophthalmologist and received treatment for suspected glaucoma. When the symptoms did not improve with eye drops and steroids, the patient underwent a CT angiogram of the head and neck, MRI of the brain and a cerebral angiogram at an outside hospital and was found to have a DAVF.
INVESTIGATIONS
Cerebral angiography at our hospital demonstrated a highgrade clival DAVF near the left posterior clinoid process supplied by meningeal branches of the bilateral meningohypophyseal trunks with minimal contribution from the bilateral external carotid artery (ECA) branches ( figure 1A,B) .
The receiving veins travelled through the dorsum of the clivus to the right side, connecting to the cortical veins and right superior ophthalmic vein (SOV) through small dural channels. The right cavernous sinus, right facial vein and bilateral inferior petrosal sinuses were occluded (figure 2). The left cavernous sinus was patent but did not receive any drainage from the clival DAVF.
TREATMENT
As there was no direct access to the left clival vein, an attempt was made to recanalize the left inferior petrosal sinus via the left internal jugular vein. A Marathon catheter was advanced to about 2 mm from the venous pouch receiving the arteriovenous shunt but no channel to the fistula could be found by venography or by probing with microguidewires.
Onyx-34 was injected with the plug-and-push technique in the hope that the high pressure would open a channel to the venous pouch, but this was unsuccessful. Various right facial vein branches were then catheterized without evidence of connection to the right SOV. Direct puncture of the right SOV was considered a poor approach as there was a severe stenosis at the junction of the right SOV with the clival veins. It was deemed too difficult to navigate a microcatheter from the right SOV to the left clival vein to treat the fistula. Occlusion of the right SOV alone could alleviate her eye symptoms but would increase the risk of intracranial hemorrhage by forcing all the venous drainage to the cortical veins.
Transarterial embolization was then attempted. The meningohypophyseal trunks of the bilateral internal carotid arteries (ICAs) were catheterized and embolized with Onyx-34. Post-embolization angiograms demonstrated marked reduction of arteriovenous shunting, although residual arteriovenous shunting was noted from the recurrent lacerum branch of the left ICA and small dural branches of the bilateral middle meningeal arteries. The left foramen ovale ( purple), cavernous carotid artery (red) and targeted residual dural arteriovenous fistula (DAVF) (opal) were manually contoured on axial images. The iPlan software was then used to perform a surface segmentation. The image was manipulated to superimpose the foramen ovale over the DAVF target.
The procedure was terminated and the patient was observed to see if the rest of the fistula would progress to complete thrombosis. When her symptoms persisted, she was brought back 1 month later for embolisation of the left middle meningeal artery.
The anterior division of the left middle meningeal artery was catheterized. The orbital branches were protected with a detachable coil. An Echelon-10 catheter was placed into the origin of a dural branch that ran posteriorly along the lateral wall of the left cavernous sinus to the fistula and Onyx-34 was injected with the plug-and-push technique. As Onyx was just approaching the site of the fistula, reflux into the orbital vessels including the left ophthalmic artery was noted. The procedure was stopped and the patient was kept on heparin and started on intravenous abciximab. Acetazolamide was added after the procedure to reduce intraocular pressure and, after 2 days, the patient was switched to aspirin and warfarin. With these treatments, vision was preserved in her left eye.
After 1 month the patient demonstrated some improvement in her right ptosis and chemosis but she continued to have ophthalmoplegia and minimal vision in her right eye. As transarterial embolization failed to cure the fistula and alleviate her symptoms, we explored the options of percutaneous access to the recipient vein.
Her original CT angiogram was uploaded to a radiosurgery planning workstation and the 0.6 mm axial images were transferred to a Brainlab iPlan 4.1 workstation (Brainlab AG, Heimstetten, Germany). The left foramen ovale, cavernous carotid artery and targeted residual DAVF were manually contoured on axial images. The iPlan software was used to perform a surface segmentation and to superimpose the foramen ovale over the DAVF target ( figure 3 ). This demonstrated a safe trajectory to the DAVF via the foramen ovale.
The patient was brought back for the third treatment under general anesthesia. A three-dimensional rotational angiogram of left ICA injections was obtained and reconstructed to CT format to select the angle to align the anteroposterior (AP) projection with the trajectory from the left foramen ovale to the DAVF. The left ICA was placed medial to the foramen ovale on the AP projection and the lateral view was used to determine the depth of the needle. A 20 gauge 6 inch spinal needle was inserted through the left foramen ovale into the left Meckel's cave and then into the venous pouch under biplane digital subtraction road mapping (figures 4 and 5). A venogram was performed to confirm the needle position after the target vein was reached on both AP and lateral views and there was blood return from the needle. The fistula was embolized with Onyx-34 until reflux was seen in the main feeding artery (figure 6).
OUTCOME AND FOLLOW-UP
A post-embolization angiogram showed complete obliteration of arteriovenous shunting. The patient had immediate improvement in her eye symptoms after the procedure. Her proptosis, ophthalmoplegia and chemosis completely resolved within 2 months and she recovered most of the vision in her right eye. A follow-up angiogram at 3 months showed durable occlusion of the DAVF (figure 7).
DISCUSSION
The clival dura has a complex blood supply, 13 21-23 making transarterial embolization of limited effectiveness and high risk. Although the meningohypophyseal trunks of the ICAs were embolized in this case, the inability to penetrate the fistula with Onyx allowed for the recruitment of secondary feeder vessels. Embolization of these dural branches with Onyx using plug-and-push techniques carries a high risk of ischemic cranial nerve palsies or inadvertent occlusion normal cerebral arteries. [24] [25] [26] [27] The patient in this case was fortunate to preserve her vision despite occlusion of her left ophthalmic artery, probably because of collateral vessels that developed in the presence of the DAVF.
Treatment of clival DAVFs can be directed at cure or symptom relief. If the clival vein or the connecting venous sinus can be catheterized via the arterial or venous routes, curative therapy may be considered. Palliative transarterial embolization may be considered in cases without access to the clival vein. The various supplies to the cranial nerves and anastomosis with the cerebral arteries must be kept in mind when performing transarterial The transforaminal approach has been used by neurosurgeons to access the temporal lobe in epilepsy, to treat trigeminal neuralgia or to biopsy cavernous sinus tumors. [28] [29] [30] [31] The foramen ovale is a bony defect in the base of the skull that allows for the accessory meningeal artery, small venous plexus and the mandibular branch of the trigeminal nerve to pass through the skull. 28 29 It opens into the Meckel's cave intracranially. The medial wall of the Meckel's cave is the clivus and its roof is the inferior lateral wall of the posterior cavernous sinus. Using CT angiography and stereotactic localisation software, a trajectory to the cavernous sinus and clival veins may be obtained without violating vital structures such as the ICA. Once a needle is placed into the target vein, a DAVF in this region can be treated with Onyx embolization.
Complications from using a percutaneous foramen ovale route are described in the literature and include dysesthesias; transient bradycardia; carotid-cavernous fistula; ICA, middle meningeal artery or maxillary artery puncture; aneurysm formation; cranial nerve II, III, IV injury; or hemorrhage. 28 Many of these risks can be avoided or reduced when a rotational angiogram with CT reconstruction is used for intraoperative imaging guidance.
A review of the literature did not reveal any case studies or case series in which the foramen ovale was traversed in order to directly puncture the venous pouch of a DAVF. The successful occlusion of the clival vein using a transcutaneous foramen ovale approach increases the neurointerventionalist's armamentarium when attempting to treat clival and posterior cavernous sinus DAVFs.
Learning points
▸ Clival dural arteriovenous fistulas (DAVFs) usually involve aberrant connections between branches of the ascending pharyngeal and internal carotid arteries and the clival venous plexus. ▸ Although connections to the cavernous, inferior petrosal and superior petrosal sinuses may arise, the clival DAVF is a separate entity. ▸ Percutaneous embolization via the foramen ovale is safe and feasible in treating clival DAVF.
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